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ABSTRACT
The quiet Sun exhibits a wealth of magnetic activities that are fundamental for our
understanding of solar and astrophysical magnetism. The magnetic fields in the quiet
Sun are observed to evolve coherently, interacting with each other to form distin-
guished structures as they are advected by the horizontal photospheric flows. We
study coherent structures in photospheric flows in a region of quiet Sun consisted of
supergranules. Supergranular turbulence is investigated by detecting hyperbolic and
elliptic Lagrangian coherent structures (LCS) using the horizontal velocity fields de-
rived from Hinode intensity maps. Repelling/attracting LCS are found by computing
the forward/backward finite-time Lyapunov exponent (FTLE). The Lagrangian cen-
tre of a supergranular cell is given by the local maximum of the forward FTLE; the
Lagrangian boundaries of supergranular cells are given by the ridges of the backward
FTLE. Objective velocity vortices are found by calculating the Lagrangian-averaged
vorticity deviation, and false vortices are filtered by applying a criterion given by the
displacement vector. The Lagrangian centres of neighboring supergranular cells are
interconnected by ridges of the repelling LCS, which provide the transport barriers
that allow the formation of vortices and the concentration of strong magnetic fields
in the valleys of the repelling LCS. The repelling LCS also reveal the most likely sites
for magnetic reconnection. We show that the ridges of the attracting LCS expose the
locations of the sinks of photospheric flows at supergranular junctions, which are the
preferential sites for the formation of kG magnetic flux tubes and persistent vortices.
Key words: Sun: granulation–Sun: magnetic fields – turbulence – chaos
1 INTRODUCTION
The first report of a solar flare was published by Carrington
(1859) based on his observation on September 1, 1859 of the
outburst of two patches of intensely bright and white light in
an active region involving a group of sunspots at the Sun’s
? E-mail: abraham.chian@gmail.com
disk. Later, Parker (1955) showed that a magnetic flux tube
driven by dynamo in the convective zone under the Sun’s
surface is buoyant and can rise to the photosphere, lead-
ing to the formation of sunspots. Parker (1957) and Gold &
Hoyle (1960) suggested that solar flares can originate from
the dissipation of energy associated with electric currents
when two magnetic flux tubes reconnect in the solar atmo-
sphere. Recent observations and numerical simulations have
© 2019 The Authors
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confirmed that coherent structures such as magnetic flux
tubes (or ropes) and velocity vortices play a key role in the
genesis and evolution of sunspots as well as in magnetic re-
connections in solar corona, responsible for the production
of solar flares and coronal mass ejections (Kamide & Chian
2007).
The origin of solar cycles, and therefore activity, lies be-
low the photosphere where plasma motions associated with
turbulent convection (Hotta et al. 2019) produce magnetic
fields. The photosphere is permeated by convection cells,
called granules, with a typical spatial scale of ∼1 Mm and
a lifetime of a few minutes. On scales larger than granules,
there is supergranulation, which is a complex nonlinear dy-
namical phenomenon taking place in the solar photosphere
that exhibits a cellular flow pattern with a typical horizontal
scale of ∼30-35 Mm, a lifetime of ∼24-48 hr, a strong hori-
zontal flow velocity of ∼300-400 m/s and a weaker vertical
velocity of ∼20-30 m/s (Rincon & Rieutord 2018). The origin
of supergranulation can be attributed to thermal magneto-
convection such as magnetised Raleigh-Be´nard convection or
large-scale instabilities, inverse cascades and collective inter-
actions.
Solar photosphere consists of active and quiet regions.
Active regions refer to areas of strong kilogauss magnetic
fields composed of sunspots, pores and plages. In addition,
we also recognise the so-called quiet Sun regions which are
composed of network (NE) and internetwork (IN) areas (Bel-
lot Rubio & Orozco Sua´rez 2019). Photospheric NE outlines
the supergranular cell boundaries, whereas the IN represents
the interior of supergranular cells. The NE has strong fields
of ∼1 kG (Stenflo 1973), whereas the IN has weaker fields
of ∼1 hG (Orozco Sua´rez et al. 2007a,b). The IN consists
of mixed-polarity magnetic elements which are advected by
supergranular flows from the inner parts of a supergranular
cell toward its boundaries (Orozco Sua´rez et al. 2012), thus
supplying the total NE flux in ∼10 h (Gosˇic´ et al. 2014). NE
magnetic elements, with a characteristic size of ∼100-300 km
and a downward velocity of ∼ 0.5 km/s, consist of vertical
kG flux tubes that expand with height (Stenflo 1973). They
are very persistent and may last up to dozens of hours un-
til they are diffused either by flux dispersal or cancellation
with nearby elements (Liu et al. 1994). The persistence of a
NE magnetic flux tube may be related to the vortical flow
surrounding the magnetic structures. Such flows are able to
stabilize the flux tube by the centrifugal force of its whirly
motion (Schu¨ssler 1984), as evidenced by the event found by
Attie et al. (2009), where a NE magnetic element appears to
be co-aligned with a velocity vortex and the first observation
of correlated magnetic vortices and photospheric downflows
by Requerey et al. (2018).
There exists a close link between supergranulations and
the fields that make up the quiet-region magnetic network
and the active-region plages. Simultaneous multi-wavelength
analyses of solar magnetographs in different spectral lines
have shown that the quiet-region network and plages con-
sist of the same type of small-scale magnetic structures (i.e.,
magnetic elements). A model of supergranulation network in
the quiet-Sun and plages was derived by Stenflo (1975) using
the continuum, line profile, and EUV magnetograph data,
which proposed a mechanism for the amplification of the
magnetic field involving vortical motions around the down-
drafts (sinks). It is well-known that the magnetic-field con-
centrations are co-spatial with downdrafts in the quiet-Sun
network (Tanenbaum et al. 1969) and plages (Howard 1971),
similar to the whirl in a bathtub (Nordlund 1985) and in an
atmospheric cyclone. Due to the high electrical conductivity,
the magnetic field is frozen into the plasma so the velocity
vortex tube will wind up the magnetic field lines and gen-
erate electrical currents that may pinch the plasma column,
resulting in the formation of high-field magnetic flux ropes.
According to this model, efficient heating by hydromagnetic
waves builds up an excess gas pressure inside the twisted
magnetic flux ropes located in the intergranular lanes which
is released by the ejection of spicules into the corona. When
an increasing magnetic flux is injected into a given area, the
interaction between magnetic flux ropes and granulations
yields changes in the structure of magnetic flux ropes and
transition to pores and sunspots. Recent Hinode observation
of photospheric turbulence in a plage and MHD simulation
of magnetoconvective turbulence (Chian et al. 2014) as well
as the Hinode observation of supergranulation downflow ver-
tices in the quiet-Sun (Requerey et al. 2018) have confirmed
that the downdraft is co-spatial with magnetic flux concen-
trations located at supergranular junctions, as pointed out
by Tanenbaum et al. (1969), Howard (1971) and, Stenflo
(1975).
It was suggested by Stenflo (1975) that persistent vor-
tices tend to form near locations where the laminar flow is
interrupted by obstacles in fluids and plasmas, e.g., in the
Earth’s atmosphere persistent vortices such as tropical cy-
clones are formed at locations where different pressure fronts
collide. In supergranular junctions, the sinks in the NE are
enhanced by the localized downdrafts where intense inho-
mogeneous magnetic fields and turbulent shearing motions
produce numerous pressure fronts that interact with each
other. Hence, the preferential sites in the solar photosphere
for the formation of persistent velocity vortices and magnetic
flux tubes are supergranular junctions where the flows from
various neighboring supergranular cells meet and interact.
The ideas of Stenflo (1975) on the transport and evolution
of magnetic fields and the formation of persistent vortices in
the quiet Sun have been investigated and confirmed in de-
tail by a number of papers based on high-resolution Hinode
data (Orozco Sua´rez et al. 2012; Giannattasio et al. 2013,
2014a,b, 2018; Caroli et al. 2015; Agrawal et al. 2018; Re-
querey et al. 2018). Orozco Sua´rez et al. (2012) showed that
magnetic elements are ubiquitous across the surface of the
quiet Sun. They located the centre of the supergranule cell at
the position of minimum radial velocity calculated from the
magnetic element tracking in the time-averaged flow map.
The computed horizontal velocity field of the IN magnetic
elements is mostly radial and directed from the centre of
a supergranulation to its boundaries with a non-constant
velocity. On short timescales, the chaotic motions of mag-
netic elements are driven mainly by granular flows, but on
long timescales they are driven by supergranular flows. In
the NE, the combined action of inflows from neighboring
supergranules traps magnetic elements in sinks. Giannat-
tasio et al. (2013) studied the long-duration transport by
tracking the turbulent convective flows of a large number of
magnetic elements over 25 hr in the field of view of an entire
supergranule cell and identified a double-regime behaviour
in the displacement spectrum of the magnetic elements: su-
perdiffusive in the whole field of view up to granular spatial
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scales (∼ 1.5 Mm) and slightly diffusive up to supergranular
spatial scales (∼30∼35 Mm). Giannattasio et al. (2014a) in-
vestigated the separation spectrum for different values of the
initial pair separation of magnetic elements for an entire su-
pergranule and found out that the rate of pair separation de-
pends on the spatial scale under consideration. Giannattasio
et al. (2014b) found that the amplitude of horizontal veloc-
ity field is small in the centre of the supergranular cell (∼10
m/s), and increases toward the supergranular boundaries
reaching a maximum (∼600 m/s) at about half the radius.
Under the assumption of magnetic elements passively trans-
ported by the flow, they confirmed double transport regimes
in supergranules: superdiffusive in the IN, and a lower dif-
fusivity regime in the NE which allows the amplification of
magnetic fields in the supergranular junctions. In particu-
lar, they concluded that the IN magnetic elements emerging
from the centre of a supergranular cell have a maximum life-
time of ∼ 3 hr, not long enough to reach the supergranular
boundaries to form the network. This finding indicates the
need to find a physical mechanism that allows the trans-
port of IN magnetic elements to the NE. Gosˇic´ et al. (2014)
used an automatic feature tracking algorithm to follow the
evolution of IN and NE magnetic elements. They showed
that IN magnetic elements continually transfer their flux to
the NE by interacting with the NE magnetic elements via
the merging (cancellation) processes that add (remove) flux.
Caroli et al. (2015) investigated the advection-diffusion in
photospheric flows by examining the evolution of the two-
dimensional probability distribution function (PDF) of the
mean-square displacements of magnetic elements. For times
shorter than ∼ 2000 s the PDF seems to broaden symmet-
rically with time, but for longer times a multi-peaked PDF
emerges which suggests the non-trivial nature of the trans-
port process. They performed a Voronoi analysis to study
the dynamics of convective structures using an automated
polygon subdivision based on localization of magnetic ele-
ments. The resulting Voronoi diagram shows that the spatial
distribution of magnetic elements is organized into several
clumps embedded in regions of magnetic voids, related to
the NE and IN regions. Gosˇic´ et al. (2016) extended the in-
vestigations of Iida et al. (2010) and Iida et al. (2012) to find
out how small-scale IN magnetic fields appear and disappear
on the solar surface. They showed that flux disappears from
the IN through fading of magnetic elements, cancellation be-
tween opposite-polarity features, and interactions with the
NE patches, which converts IN elements into NE features.
Agrawal et al. (2018) used high cadence MURaM simula-
tions to show that the observed superdiffusive scaling of the
motions of IN magnetic elements at short increments is a
consequence of random changes in barycentre positions due
to flux evolution, and suggest that measurements of mag-
netic element motions must be used with caution in tur-
bulent diffusion or wave excitation models. They proposed
that instead of tracking magnetic elements over long peri-
ods of time, it may be preferable to compute the photo-
spheric horizontal velocity using methods such as LCT to
obtain more robust transport statistics. Giannattasio et al.
(2018) applied the concepts of complex systems to compute
the occurrence and persistence parameters in order to deter-
mine the characteristic spatial and temporal scales in which
turbulent convection organises the magnetic features in the
quiet Sun. The occurrence parameter is a measure of the ten-
dency of a specific site to host magnetic features, whereas
the persistence parameter quantifies the characteristic time
range during which the same magnetic features linger in a
specific location. They found that the occurrence parameter
varies from ∼0% in the central part of the supergranular cell
to ∼100% near its vertices. Their persistence analysis iden-
tified long-correlated patterns in the supergranular bound-
aries where decorrelation times up to ∼1240 min are found,
indicating that on average the NE magnetic elements move
slower and are correlated longer in relation to the IN mag-
netic elements. Requerey et al. (2018) studied the relation
between a persistent photospheric vortex flow and the evo-
lution of a NE magnetic element at a supergranular vertex.
Supergranular cells are identified as large-scale divergence
structures in the flow map. At their vertices and co-spatial
with an NE magnetic element, the horizontal velocity flows
converge to a central point. One of these converging flows is
identified as a persistent vortex during the entire 24 h time
series. It consists of three consecutive vortices with a life-
time of ∼7 h each that are seen almost at the same location.
At their core, an NE magnetic element is also seen. Its evo-
lution is strongly correlated to that of the vortices, namely,
the magnetic feature is concentrated and evacuated when it
is caught by the vortices and is weakened and fragmented
after the whirls disappear. Such behavior is consistent with
the theoretical picture of the stabilisation of a magnetic flux
tube by a surrounding vortical flow (Schu¨ssler 1984).
The quiet Sun (Bellot Rubio & Orozco Sua´rez 2019)
provides a unique laboratory for studying the fundamental
characteristics of astrophysical magnetism and turbulence
thanks to recent advances in space and ground observations,
numerical simulations, and nonlinear dynamics theories. In
particular, the newly developed tool of Lagrangian coherent
structures (LCS) (Haller & Yuan 2000; Shadden et al. 2005;
Mathur et al. 2007; Haller 2015) provides an efficient method
to uncover the Lagrangian skeleton of turbulence. Due to the
Lagrangian nature, LCS behave as a separatrix of particles
in the fluid by forming contours to separate regions of differ-
ent particle movements. Hence, LCS are distinguished ma-
terial lines/surfaces that predominantly influence the neigh-
boring particle trajectories in a given time interval by or-
ganising the flow into coherent patterns. There are various
definitions of LCS depending on whether there is greater re-
pulsion/attraction (hyperbolic LCS), shear (parabolic LCS),
or swirling motions (elliptic LCS) of particles in the fluid for
the considered time interval. In this paper, we will focus on
the investigation of hyperbolic repelling/attracting LCS and
elliptic LCS in solar photosphere.
We will demonstrate that the study of LCS in su-
pergranular turbulence renders a strong support for the
model of supergranulation network of Stenflo (1975) and
the ground and space-borne observations of supergranula-
tions in a quiet-Sun. The nonlinear dynamics tools of LCS
have been applied to study turbulence in terrestrial atmo-
sphere (Rutherford et al. 2015), jovian atmosphere (Had-
jighasem et al. 2017), ocean (Beron-Vera et al. 2018), nu-
clear fusion (Padberg et al. 2007; Borgogno et al. 2011) and
astrophysical plasmas (Rempel et al. 2011, 2012, 2013, 2017;
Yeates et al. 2012; Chian et al. 2014; Silva et al. 2018). A
series of papers applied the technique of finite-time Lya-
punov exponent to detect hyperbolic LCS in numerical sim-
ulation of MHD turbulence in ABC dynamo Rempel et al.
MNRAS 000, 1–13 (2019)
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(2011, 2012, 2017), α2 mean-field dynamo (Rempel et al.
2011, 2013), and large-scale dynamo in turbulent compress-
ible convection with uniform horizontal shear and rotation
(Chian et al. 2014). Yeates et al. (2012) used the horizon-
tal velocity field derived from the line-of-sight magnetogram
of Hinode/SOT to study LCS in a plage of solar active re-
gion AR 10930. They showed that the network of quasi-
separatrix layers (De´moulin et al. 1996) in the magnetic
field corresponds to the repulsive LCS, and demonstrated
how to infer the build-up of magnetic gradients in the solar
corona directly from the photospheric horizontal velocity by
calculating the magnetic connectivity measures such as the
squashing factor without recourse to magnetic field extrap-
olation. Chian et al. (2014) used the same dataset of Yeates
et al. (2012) to show that on average the deformation Eu-
lerian coherent structures dominate over vortical Eulerian
coherent structures in a plage. They used Hinode data and
MHD simulation of magnetoconvection to demonstrate that
the network of high magnetic flux concentration in the inter-
granular lanes corresponds to the attracting LCS. Rempel
et al. (2017) extended the technique for detecting objective
velocity vortices developed by Haller et al. (2016) to objec-
tive magnetic vortices. Silva et al. (2018) applied the LAVD
technique of Haller et al. (2016) and the Hinode dataset of
Requerey et al. (2018) to detect objective velocity vortices
in the quiet-Sun, and introduced a d-criterion to avoid false
vortex detection.
The aim of this paper is to unravel the Lagrangian skele-
ton of supergranular turbulence by detecting hyperbolic and
elliptic Lagrangian coherent structures in a quiet Sun in Sec.
3, based on high-resolution Hinode observation of solar pho-
tosphere described in Sec. 2. Discussions and conclusion are
given in Sec. 4.
2 PHOTOSPHERIC FLOWS AND MAGNETIC
FIELDS IN A QUIET SUN
2.1 Photospheric flows
Our data analysis is based on the magnetograms of the disk
center of a quiet Sun captured by the Narrowband Filter Im-
ager (NFI) onboard the Hinode satellite on 2010 November
2, within the framework of the Hinode Operation Plan 151
entitled “Flux replacement in the photospheric network and
internetwork”, with a cadence of 90 s, a field-of-view of 80”
x 74”, a pixel size of 0”.16 and a spatial resolution of 0”.3
(Gosˇic´ et al. 2014).
Supergranular cells are detected using Dopplergram
time sequences by dividing them in 2-hr intervals and apply-
ing the Local Correlation Tracking (LCT) technique to each
sequence to determine the horizontal velocity field (Novem-
ber & Simon 1988; Gosˇic´ et al. 2014). In Fig. 1(a) the black
arrows display the mean horizontal velocity field for 7-hr
interval from 16:46:26 UT to 23:46:34 UT; the background
image displays the time-averaged Dopplergram of the line-
of-sight velocities for the same time interval. In the centre
of the map, a large supergranular cell is seen with a diver-
gence structure of ∼35 Mm x 35 Mm, surrounded by other
supergranular cells. The horizontal velocities are directed ra-
dially outward from the mean centre (marked by an orange
cross where lies the local minimum of the mean horizontal
velocity field) of each supergranular cell toward its bound-
ary. In the interior of a supergranular cell, the Dopplergram
is dominated by upflows, while the supergranular boundary
is dominated by downflows. A particularly prominent local-
ized downflow in a supergranular vertex is marked by a black
rectangle. A zoom in the flow streamlines of this area given
in Fig. 1(b) shows spiraling velocity streamlines. Therefore,
the dynamics of this region is affected by vortical motions
during the time interval used to compute the mean velocity
field. The centre of this persistent vortex with a mean diam-
eter of ∼5 Mm is located in the centre of downdraft, which
is indicative of a flow driven by the bathtub effect. Requerey
et al. (2018) studied this vortical structure and showed that
an NE magnetic element is detected by the magnetogram
at the centre of the vortex flow, which co-rotates with the
vortex in the counter-clockwise direction. The vortex seen in
the magnetogram has a diameter of ∼10 Mm which is larger
than the bright point counterpart seen in the intensity map
(Requerey et al. 2018). Note that flows from other nearby su-
pergranular cells converge and interact in this area. Similar
photospheric vortex flows at supergranular junctions have
been detected previously by Brandt et al. (1988) and Attie
et al. (2009).
In this paper, we detect hyperbolic and elliptic La-
grangian coherent structures using a time sequence of 281
frames of 2-hourly time-averaged horizontal velocity field de-
duced by LCT from the intensity maps for the green box re-
gion marked in Fig. 1(a) during an interval of 7 hours from
16:46:26 UT to 23:46:34 UT. Figures 2(a) and 2(b) show the
2D horizontal velocity field at 16:46:26 UT and 23:46:34 UT,
respectively. In Figs. 2(c) and 2(d), we plot the correspond-
ing 2-hourly time-averaged images of the line-of-sight mag-
netic field. The boundary of supergranular cells are given
by the regions of low values of the mean horizontal velocity
modulus, corresponding to the regions of high values of the
mean downflow velocity in the Dopplergram of Fig. 1(a). It
follows from Fig. 2 that there are considerable changes in
both velocity- and magnetic-field distributions during the
time interval of 7 hours.
2.2 Photospheric magnetic fields
We apply the YAFTA code (Welsch & Longcope 2003) to
detect and track magnetic patches in magnetograms by as-
signing a unique label to each feature of magnetic elements
which are in constant motion advected by the photospheric
flow and often interact with other features, gaining or losing
flux, until they eventually disappear from the solar surface.
The following dynamical processes need to be considered
to track their evolution: in situ appearance/disappearance,
merging, fragmentation and cancellation (Gosˇic´ et al. 2014).
Figures 3(a) and 3(b) display snapshots of magnetograms at
16:46:26 UT and 23:46:34 UT, respectively, for the photo-
spheric region of Fig. 1(a). Pink contours outline the bound-
aries of supergranular cells as deduced from LCT, which sep-
arate NE and IN regions. Blue contours indicate the NE ele-
ments, and IN elements are indicated in other colors. These
magnetograms show IN flux patches, many of which eventu-
ally supply flux to the NE.
The background images in Figs. 3(a) and 3(b) show an
Eulerian (snapshot) view of the magnetic flux density at
16:46:26 UT (a) and 23:46:34 UT (b), respectively. It fol-
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Figure 1. Horizontal photospheric flow, Dopplergram, and persistent vortex observed by Hinode at the disk centre of a quiet-Sun on 2010
November 2. The photospheric horizontal velocity field as deduced by LCT (black arrows) and the mean Dopplergram in the background
(where red and blue regions correspond to downflow and upflow areas, respectively), both time-averaged from 16:46:26 UT to 23:46:34
UT. Each orange cross denotes the mean centre of a supergranular cell determined by the local minimum of the mean horizontal velocity
field. The black rectangle denotes the location of a persistent vortex. The green rectangle indicates the area where the study of Lagrangian
coherent structures will be carried out in this paper. (b) An enlarged view of the region marked by the black rectangle in (a), showing
that the persistent vortex is located at a site where photospheric flows from the neighboring supergranular cells meet and interact.
lows from Figs. 1 and 3 that as the IN magnetic elements
are advected by the radially directed outflows, from the cen-
tre to the boundary of a supergranular cell, they undergo a
rich variety of dynamical processes. In particular, when IN
magnetic elements reach the supergranular boundary they
interact with the NE magnetic elements which allows the
deposit of their flux in supergranular junctions (for more
details see Gosˇic´ et al. 2014, 2016). Furthermore, the shape
and size of supergranular cells as well as the morphology and
structure of the NE in supergranular junctions vary consid-
erably in 7 hours from Fig. 3(a) to Fig. 3(b).
3 LAGRANGIAN COHERENT STRUCTURES
IN SUPERGRANULAR TURBULENCE
3.1 Hyperbolic Lagrangian coherent structures
First, we determine the hyperbolic Lagrangian coherent
structures in supergranular turbulence by computing the for-
ward/backward finite-time Lyapunov exponent (f-FTLE/b-
FTLE) (Shadden et al. 2005; Padberg et al. 2007; Borgogno
et al. 2011; Rempel et al. 2011, 2012; Yeates et al. 2012;
Rempel et al. 2013; Chian et al. 2014) of the horizontal ve-
locity field by advecting a dense grid of 405 × 405 tracer
particles over the domain of interest. Haller et al. (2015)
pointed out that the FTLE is not objective, i.e., invariant
under time-dependent translations and rotations of the ref-
erence frame. Hence, the FTLE results must be handled with
caution. Consider a tracer particle advected by the velocity
field u(r, t) from an initial time t0 and solve the particle ad-
vection equation
dr
dt
= u(r, t) (1)
over a grid of initial positions r0 until the final positions
r(t0 + τ) are reached after a finite-time duration τ. The
FTLEs of the particle trajectories for a 2D flow are cal-
culated at each initial position r0 as
σt0+τ
i
(r0) = 1|τ | ln
√
λi, i = 1, 2 (2)
where λi (λ1 > λ2) are the eigenvalues of the finite-time
right Cauchy-Green deformation tensor ∆ = J>J, in which
J = dφt0+τt0 (r)/dr is the deformation gradient, > denotes the
transpose, and φt0+τt0 : r(t0) → r(t0+τ) is the flow map for Eq.
(1). Advecting a particle forward in time reveals the repelling
LCS in the f-FTLE field, which is the source of stretching
in the flow, whereas advecting a particle backward in time
reveals the attracting LCS in the b-FTLE field along which
particles congregate to form the observable patterns. Equa-
tion (1) is solved using a fourth-order Runge-Kutta integra-
tor; to obtain a continuous time-varying velocity field, cubic
splines are used for space and time interpolations using a
discrete set of velocity field frames previously obtained with
the LCT method.
Figure 4(a) shows a 2D plot of f-FTLE for the super-
granular region of Fig. 1(a) marked by the green rectangle,
computed forward in time using the sequence of 281 frames
of the horizontal velocity field from 16:46:26 UT to 23:46:34
UT. The white crosses mark the locations of the time-
dependent Lagrangian centres of supergranular cells char-
acterised by local maxima of f-FTLE. Thin ridges of large
positive f-FTLE in Fig. 4(a) represent the locally strongest
repelling material lines which exert the most influential im-
pact on the diverging transport of supergranular flows in
the given time interval. Yeates et al. (2012) and Chian et al.
(2014) demonstrated that f-FTLE is closely related to the
squashing Q-factor, which identifies the most likely locations
MNRAS 000, 1–13 (2019)
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(c) (d)
Figure 2. Horizontal velocity field and line-of-sight magnetic field. The 2-hourly time-averaged horizontal velocity field (black arrows)
deduced by applying LCT to the intensity maps and the horizontal velocity modulus (the background image) for the green rectangle
region marked in Fig. 1(a) at 16:46:26 UT (a) and 23:46:34 UT (b). The corresponding 2-hourly time-averaged line-of-sight magnetic
field at 16:46:26 UT (c) and 23:46:34 UT (d).
for the occurrence of magnetic reconnection (De´moulin et al.
1996; Inoue et al. 2016). Hence, the ridges of f-FTLE indi-
cate the preferential sites for magnetic elements to interact
and reconnect.
Figure 4(b) shows a 2D plot of b-FTLE for the super-
granular region of Fig. 1(a) marked by the green rectangle,
computed backward in time using the sequence of 281 frames
of the horizontal velocity field from 23:46:34 UT to 16:46:26
UT. In Figs. 3(a) and 3(b) we get a rough (estimated) view of
the Eulerian (snapshot) boundaries of supergranular cells at
16:46:26 UT and 23:46:34 UT, respectively. In contrast, Fig.
4(b) gives an accurate view of the complex time-dependent
Lagrangian boundaries of supergranular cells. Thin ridges
of large positive b-FTLE in Fig. 4(b) represent the locally
strongest attracting material lines that exert the most in-
fluence on the converging transport of supergranular flows.
Note that the b-FTLE is closely related to the Lagrangian
analysis of corks (November & Simon 1988; Roudier et al.
2018), but it enables us to acquire an additional important
information on the local rate of the flow convergence indi-
cated by the ridges of large (positive) b-FTLE. Chian et al.
(2014) established the correspondence of the network of high
magnetic flux concentration to the attracting LCS, as seen
in supergranular junctions. Figures 4(c) and 4(d) exhibit
surface plots of f-FTLE and b-FTLE, respectively, which
present a 3D perspective of the thin ridges of the repelling
and attracting LCS. The ridges of the repelling LCS seen in
4(c) provide the transport barriers that facilitate the concen-
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Figure 3. Snapshot magnetograms of supergranular cells. Snapshot of the original magnetogram at 16:46:26 UT (a) and 23:46:34 UT
(b). The pink contours outline the Eulerian (snapshot) boundaries of supergranular cells that separate NE and IN regions as deduced
by LCT; blue contours indicate the NE magnetic elements; IN magnetic elements are displayed in other colors. The background images
display snapshot of the magnetic flux density at 16:46:26 UT (a) and 23:46:34 UT (b), respectively.
tration of strong magnetic fields and formation of vortices in
the valleys (i.e., regions of low-value f-FTLE) of the repelling
LCS. The ridges of the attracting LCS seen in 4(d) act as
the sinks for downdraft of photospheric flows that lead to
vortical motions.
The role of hyperbolic LCS on the magnetic field distri-
bution is revealed by Fig. 5 where we plot a superposition
of the hyperbolic repelling (Fig. 5(a)) and attracting (Fig.
5(b)) LCS with the background time-averaged line-of-sight
magnetic field from t=16:46:26 UT to 23:46:34 UT. Figure
5(a) shows clearly that the patches of intense mean mag-
netic fields in supergranular junctions are bounded by the
ridges of high-value f-FTLE fields. Figure 5(b) shows clearly
that the concentration of intense mean magnetic fields are
aligned along the ridges of high-value b-FTLE fields.
3.2 Elliptic Lagrangian coherent structures
The Lagrangian-averaged vorticity deviation (LAVD) is an
objective method for detecting elliptic LCS (vortices) devel-
oped by Haller et al. (2016) for fluids. Rempel et al. (2017)
and Silva et al. (2018) applied LAVD to detect vortices in
plasmas. The LAVD field is computed by the integral
LAVDt0+τt0 :=
∫ t0+τ
t0
|ω(r(s), s) − 〈ω(s)〉|ds (3)
where ω = ∇ × u is the vorticity, τ denotes a finite time
interval, and 〈·〉 denotes the instantaneous spatial average.
Fluid particle trajectories are determined by solving Eq. (1)
over a grid of initial positions r0 until the final positions
r(t0 + τ) are reached after a finite time duration τ.
For a finite time duration [t0, t0 + τ], a Lagrangian vor-
tex is defined as an evolving material domain filled with a
nested family of convex tubular level surfaces of LAVDt0+τt0
with outward-decreasing LAVD values. In contrast to the
Eulerian methods that detect instantaneous swirl-like struc-
tures that do not convey long-term information of fluid mo-
tions, it was demonstrated that the LAVD method is capa-
ble of detecting persistent vortical flows (Haller et al. 2016;
Rempel et al. 2017; Silva et al. 2018). For 2D incompress-
ible, shearless, non-magnetized fluids, the center of objective
vortices are usually co-spatial with a local maximum of the
LAVD field (Haller et al. 2016). This is not necessarily true
for highly compressible magnetized fluids with strong shear
regions such as photospheric flows, for which we must allow
some deviation from convexity to ensure that all vortex cores
are captured. Moreover, Silva et al. (2018) showed that in or-
der to avoid false vortex detection in flows with strong shear,
such as supergranulations, it is necessary to apply a post-
processing filter to the set of vortices detected by LAVD.
The d-criterion, based on the geometry of the streamlines of
the displacement vector field of fluid elements, is adopted to
find vortex cores. A grid point is considered a vortex core
if the displacement vectors computed from its neighboring
points indicate a clockwise or counter-clockwise motion pat-
tern. The displacement vectors are computed by advecting
the neighboring particles for a given time and subtracting
their initial positions from their final positions. For details,
see Silva et al. (2018). A LAVD vortex is considered a true
vortex boundary if it surrounds a vortex core detected by
the d-criterion.
We considered the supergranular region marked by the
green rectangle in Fig. 1(a) and applied the LAVD method
together with the d-parameter to detect coherent objective
vortices. Figures 6(a) and 6(b) show two examples of 2D
plots of the LAVD field computed from 20:16 UT to 20:31
UT for τ = 15 min and from 20:46 UT to 21:46 UT for τ=
60 min, respectively. It is worth mentioning that the param-
eter τ is not a measure of the vortex lifetime; rather, it is
the finite time interval for computing LAVD. The boundary
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Figure 4. Hyperbolic repelling and attracting Lagrangian coherent structures of supergranular turbulence in the time interval from
16:46:26 UT to 23:46:34 UT on 2010 November 2. (a) 2D plot of the f-FTLE computed for t0= 16:46:26 UT and τ = +7h. (b) 2D plot
of the b-FTLE computed for t0= 23:46:34 UT and τ = -7h. (c) 3D surface-plot of the f-FTLE of (a). (d) 3D surface-plot of the b-FTLE
of (b). The white crosses in (a) indicate the Lagrangian centres of supergranular cells determined by the local maxima of the f-FTLE.
Lagrangian centres of nearby supergranular cells are interconnected by ridges of the f-FTLE. Lagrangian boundaries of supergranular
cells are given by ridges of the b-FTLE.
of each Lagrangian vortex is indicated by a magenta line,
denoting the outermost closed (approximately convex) line
of LAVD. Figures 6(c) and 6(d) exhibit 3D surface plots
of Figs. 6(a) and 6(b) , respectively, presenting a 3D per-
spective of Lagrangian vortices detected. The centre of a
Lagrangian vortex is given by the location of the centre of
the spiral streamlines of the displacement vector field that
obeys the d-criterion (Silva et al. 2018). The LAVD con-
tour represents the material line where all the particles ex-
perience the same intrinsic dynamic rotation (Haller et al.
2016). The large vortex areas detected by LAVD indicate
that the vortical dynamics imposed by the vortices extends
for a considerable length, as observed by Silva et al. (2018).
In Figs. 7(a) and 7(b), we plot the boundary (denoted
by a magenta line) of all Lagrangian vortices detected by
LAVD and d-criterion using a sliding window with a dura-
tion τ during the 7-hr interval from 16:46:26 UT to 23:46:34
UT, for τ = 15 min (a) and τ = 60 min (b), respectively,
superposed by the f-FTLE computed from 16:46:26 UT to
23:46:34 UT given by Fig. 4(a). In Figs. 7(c) and 7(d), the
same vortex boundaries as in Figs. 7(a) and 7(b) are plotted
superposed by the b-FTLE computed from 23:46:34 UT to
16:46:26 UT given by Fig. 4(b). We can see that the ellip-
tic LCS are distributed along the Lagrangian supergranular
boundaries. The centre (denoted by a magenta cross) of all
detected Lagrangian vortices are displayed in Figs. 8(a) and
8(b). Again, the vortices were detected by LAVD and d-
criterion using a sliding window with a duration τ during
the 7-hr interval from 16:46:26 UT to 23:46:34 UT, for τ
= 15 min (a) and τ = 60 min (b), respectively, superposed
by a background image that displays the horizontal velocity
modulus time-averaged from 16:46:26 UT to 23:46:34 UT.
In Figs. 8(c) and 8(d), the same Lagrangian vortex centres
as in Figs. 8(a) and 8(b) are plotted superposed by a back-
ground image that displays the line-of-sight magnetic field
time-averaged from 16:46:26 UT to 23:46:34 UT. The total
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(a) (b)
Figure 5. Hyperbolic Lagrangian coherent structures and magnetogram. Superposition of hyperbolic repelling (blue material line, a)
and attracting (orange material line, b) LCS with the background mean magnetogram of the line-of-sight magnetic field of supergranular
cells time-averaged from t=16:46:26 UT to 23:46:34 UT. The white cross marks the Lagrangian centre of a supergranular cell.
number of Lagrangian vortices detected from 16:46:26 UT
to 23:46:34 UT for τ = 15 min is 50, as seen Figs. 8(a) and
8(c); the total number of Lagrangian vortices detected for τ
= 60 is 9, as seen in Figs. 8(b) and 8(d). Note that Figs. 6
and 7 do not show all vortices detected because we have to
reduce the photospheric area of Figs. 6 and 7 in view of large
numerical errors in the edge region of the computed LAVD
and FTLE fields, as passive particles are advected toward
the domain boundaries.
4 DISCUSSIONS AND CONCLUSION
Our present study confirmed in Fig. 1(a) that a persistent
vortex is located at a supergranular vertex where flows from
several nearby supergranular cells collide and interact, lead-
ing to the formation of a persistent vortex associated with
photospheric swirling flows, seen in Fig. 1(b). The mean
Dopplergram obtained by averaging over a 7-hr duration
of the high-resolution Hinode dataset shows in Fig. 1(a)
that the interior of a supergranular cell is dominated by up-
flows, whereas the supergranular boundaries are dominated
by downflows; the horizontal velocities driven by turbulent
magnetoconvection are directed radially outward from the
mean centre of a supergranular cell, given by the local mini-
mum of the mean horizontal velocity field, toward its bound-
aries.
Our LCS analysis is based on the 2-hourly time-
averaged horizontal velocity field deduced by LCT from Hin-
ode/NFI images of the line-of-sight magnetic field, exempli-
fied by Fig. 2 for the initial and final frames of a 7-hr contin-
uous Hinode observation of the disk centre of a quiet Sun.
The Eulerian magnetograms of supergranular cells given in
Fig. 3 indicates that the IN magnetic elements undergo a
variety of dynamical processes as they are transported out-
ward from the supergranular centre to its boundary. The
Eulerian supergranular boundaries shown in Fig. 3 separate
the IN and NE magnetic elements, where IN elements inter-
act with NE elements and deposit their flux in the NE. We
found a strong correlation between the spatial distribution
of magnetic flux and hyperbolic LCS as shown in Fig. 5. The
repelling LCS, obtained by computing the f-FTLE for a du-
ration of 7 hr, shown in Fig. 4, identifies the locally strongest
repelling material lines which exert the most impact on the
diverging transport of supergranular flows. The Lagrangian
center of the supergranule can be defined as the local maxi-
mum of the f-FTLE field, as it marks the region where par-
ticles diverge the most during the considered time interval.
We demonstrated that the interior of supergranules is dom-
inated by repelling material lines which describe spreading
motions as in Giannattasio et al. (2013). The presence of
such lines also creates transport barriers within IN regions
that prevent mixing of IN magnetic patches across them.
The Lagrangian centres of neighboring supergranular cells
are interconnected by ridges of the repelling LCS, as seen in
Fig. 4. As the magnetic patches diverge from the repelling
lines, they tend to create magnetic voids in the regions where
they cross the attracting hyperbolic LCS. Since the f-FTLE
is closely linked to the squashing Q-factor (De´moulin et al.
1996; Yeates et al. 2012; Chian et al. 2014; Inoue et al.
2016), the repelling LCS also identify the most likely sites for
the occurrence of magnetic reconnection involving element-
element interactions such as the cancellation events seen in
Hinode/NFI magnetograms. The attracting LCS obtained
by computing the b-FTLE for a duration of 7 hr, shown in
Fig. 4, display thin ridges of large positive b-FTLE, repre-
senting the locally strongest attracting material lines which
exert the most impact on the converging transport of super-
granular flows. Therefore, they act as the Lagrangian super-
granular boundaries which identify the preferential sites of
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Figure 6. Elliptic Lagrangian coherent structures of supergranular turbulence. (a) 2D plot of LAVD for the supergranular region marked
by the green rectangle in Fig. 1(a) computed from 20:16 UT to 20:31 UT using τ = 15 min (a), and from 20:46 UT to 21:46 UT using τ
= 60 min (b). The magenta line (cross) denotes the boundary (centre) of each Lagrangian vortex. 3D surface plot of LAVD for Fig. 5(a)
(c) and Fig. 5(b) (d).
photospheric downdrafts; the attracting LCS are co-spatial
with the network of high magnetic flux concentration, which
confirms the trapping of magnetic elements in the NE region
observed by Orozco Sua´rez et al. (2012). The attracting ma-
terial lines provide the transport barriers between the su-
pergranules, indicating that the mixing of IN elements is re-
strained to the NE region of supergranule as demonstrated
by Gosˇic´ et al. (2014), who applied an automatic feature
tracking algorithm to follow the evolution of IN and NE
magnetic elements. They showed that the IN magnetic ele-
ments continually transfer their flux to the NE by interacting
with the NE magnetic elements via the merging (cancella-
tion) processes that add (remove) flux. Our results are also
in accordance with Agrawal et al. (2018); they applied the
concepts of complex systems with high cadence MURaM
simulations and found a strong tendency of a supergranular
vertex to host magnetic features and also a longer correla-
tion time for NE elements. In contrast to the simple picture
of supergranular boundaries given by the Eulerian magne-
tograms in Fig. 3, we see in Fig. 7 that the Lagrangian su-
pergranular boundaries are very complex, resulting from the
nonlinear interactions between supergranular cells. In Fig. 5
we plot the superposition of the hyperbolic repelling (a) and
attracting (b) LCS with the time-averaged magnetogram of
the line-of-sight magnetic field from 16:46:26 UT to 23:46:34
UT. Figure 5(a) suggests that the IN magnetic elements ad-
vected by turbulent convective flows diverge preferentially
along the repelling LCS until they reach the Lagrangian
boundaries of supergranular cells, then converge preferen-
tially to the attracting LCS 5(b), wherein they deposit their
magnetic fluxes, making possible the concentration and am-
plification of strong NE magnetic fields.
By superposing the boundary of all Lagrangian vortices
detected during 7 hr with the b-FTLE in Fig. 7, we see that
the Lagrangian vortices are mostly located in the high-value
regions of the b-FTLE, where the ridges of the attracting
LCS provide the sinks for photospheric flows. Therefore,
most of those vortices are very likely to be a consequence
of the bathtub effect. Physically, the contours obtained for
the vortices mean that for the time interval considered the
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Figure 7. Superposition of elliptic and hyperbolic Lagrangian coherent structures for the time interval from 16:46:26 UT to 23:46:34
UT on 2010 November 2. Superposition of all Lagrangian vortices detected by LAVD for the time interval from 16:46:26 UT to 23:46:
34 UT, using a sliding window of τ = 15 min (a) and τ = 60 min (b), respectively, and the f-FTLE given by Fig. 4(a) Superposition of
all Lagrangian vortices detected by LACD for the time interval from 16:46:26 UT to 23:46:34 UT, using a sliding window of τ = 15 min
(c) and τ = 60 min (d), respectively, and the b-FTLE given by Fig. 4(b). The magenta line denotes the boundary of each Lagrangian
vortex.
fluid elements within the contour are trapped in that region.
Therefore, magnetic elements patches tend to be trapped
by the vortices which cause the magnetic field intensity to
increase. Once the vortex ceases to exist, the magnetic ele-
ments will be free to go to other regions, leading to magnetic
flux decay as observed by Requerey et al. (2018). By super-
posing the centre of all Lagrangian vortices detected with the
7-hr time-averaged horizontal velocity field and line-of-sight
magnetic field in Fig. 8, we confirm that the supergranular
junctions are the preferential sites for the concentration of
intense magnetic flux as well as the formation of Lagrangian
vortices and associated kG magnetic flux tubes. In particu-
lar, Figs. 6-8 confirm the detection of the persistent vortex
that appears n the black rectangle region of Fig. 1(a).
The study of supergranulation is relevant for under-
standing solar dynamo, coronal heating and eruption. LCS
provide a powerful tool to determine the transport proper-
ties of photospheric flows and the complex dynamics of solar
magnetic fields (Aschwanden et al. 2018; Rincon & Rieutord
2018; Roudier et al. 2018). Our analysis revealed that the su-
pergranular turbulence is governed by hyperbolic and ellip-
tic LCS, demonstrating that supergranulation-scale convec-
tion plays a key role in the nonlinear dynamics of local and
global solar magnetic fields at the interface between solar
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Figure 8. Superposition of Lagrangian vortex centres with the mean horizontal velocity modulus and the mean line-of-sight magnetic
field for the time interval from 16:46:26 UT to 23:46:34 UT on 2010 November 2. Superposition of all Lagrangian vortex centres detected
by the d-parameter for the time interval from 16:46:26 UT to 23:46:34 UT, using a sliding window of τ = 15 min (a) and τ = 60 min
(b), respectively, and a background image that displays the horizontal velocity modulus time-averaged from 16:46:26 UT to 23:46:34 UT.
Superposition of all Lagrangian vortex centres detected by the d-parameter for the interval from 16:46:26 UT to 23:46:34 UT, using a
sliding window ofτ = 15 min (c) andτ = 60 min (d), respectively, and a background image that displays the line-of-sight magnetic field
time-averaged from 16:46:26 UT to 23:46:34 UT. The magenta cross denotes the centre of each Lagrangian vortex.
interior and solar atmosphere. The conclusions of this paper
are based on a 7-hr LCS data analysis for a photospheric
region of 50 Mm x 50 Mm. Future works can apply this
technique to different temporal and spatial scales of quiet-
and active-Sun. In conclusion, the detection of Lagrangian
coherent structures in supergranular turbulence can deepen
our understanding of the nonlinear dynamics and complex
structures of the photosphere, as well as improve our abil-
ity to monitor and predict solar and astrophysical eruptive
events such as flares and coronal mass ejections.
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